Au nanocrystals spin-coated onto silicon from toluene form cellular networks. A quantitative statistical crystallography analysis shows that intercellular correlations drive the networks far from statistical equilibrium. Spin-coating from hexane does not produce cellular structure, yet a strong correlation is retained in the positions of nanocrystal aggregates. Mechanisms based on Marangoni convection alone cannot account for the variety of patterns observed, and we argue that spinodal decomposition plays an important role in foam formation. DOI: 10.1103/PhysRevLett.89.248303 PACS numbers: 61.46.+w, 82.70.Rr Random cellular networks are ubiquitous in nature. Soap froths, metallurgical grains, geological artifacts, biological tissues, and even the galactic-scale structure of the Universe all exhibit similar cellular characteristics despite the disorder inherent in each system and the vast differences in length scales [1] . That this structural similarity is observed for a variety of networks having radically different formation mechanisms hints strongly at an underlying universal behavior. Statistical crystallography [2] is derived from the fundamental postulate underlying this universality and enables quantifiable characterization of a cellular network.
Random cellular networks are ubiquitous in nature. Soap froths, metallurgical grains, geological artifacts, biological tissues, and even the galactic-scale structure of the Universe all exhibit similar cellular characteristics despite the disorder inherent in each system and the vast differences in length scales [1] . That this structural similarity is observed for a variety of networks having radically different formation mechanisms hints strongly at an underlying universal behavior. Statistical crystallography [2] is derived from the fundamental postulate underlying this universality and enables quantifiable characterization of a cellular network.
Here we report that, under appropriate conditions, Au nanocrystals on silicon also form cellular networks. Although polygonal nets of nanoparticles have recently been observed [3, 4] , there has been no attempt to date to determine what parallels exist between nanocrystal networks and the cellular systems listed above. Using statistical crystallography, we not only show that nanostructured foams are structurally distinct from a variety of prototypical froths but also conclusively demonstrate that mechanisms based solely on Marangoni convection [3, 4] fail to explain many aspects of cellular network formation in nanocrystal systems.
Thiol C 5 H 11 S-passivated Au nanocrystals of 2 nm core diameter were prepared via the method of Brust et al. [5] and dispersed in either a toluene or a hexane solvent. Nanocrystal concentrations ranging between 2:5 10 ÿ2 and 0:101 g=l were used for both the toluene and the hexane dispersions. 10 l of the nanocrystal solution was spin-coated onto a 1 cm 2 native-oxide covered Si(111) sample for 30 sec at a rotation speed of 4 krpm [6] . Tapping mode atomic force microscopy (TM-AFM) was carried out using a Digital Instruments D3100. Figure 1 shows the morphology of typical nanocrystal submonolayers formed when toluene is used as the solvent. These overlayers are best described as random cellular networks [1, 2] and line sections through the networks show that they are a single nanocrystal thick. Although Fig. 1 (a) at first glance is similar to recent transmission electron microscopy images of polygonal nanocrystal networks [3, 4] , there is a key difference. From higher magnification images [e.g., Fig. 1(b) ], it is clear that at the junctions of the larger polygons there exist secondary, minor networks. Furthermore, when the nanocrystal concentration in solution is increased, the separation of the network cells decreases. Both the observation of coexisting networks with strongly differing intercell separations and the reduction in intercellular spacing for increasing nanocrystal concentration have important implications for theories of network formation based solely on Marangoni convection. We discuss this in detail below.
It is clear that the submonolayers shown in Fig. 1 are not long-range ordered. However, a reciprocal space analysis shows that there is a preferred intercellular separation. The inset in Fig. 1(d) is a 2D fast Fourier transform (FFT) which yields the structure factor for the (primary) network. While no spots are observed in the structure factor, highlighting a lack of orientational order, a ring with a radius of 0:007 nm ÿ1 is visible. A radial average of the FFT [ Fig. 1 A more detailed structural analysis is possible using statistical crystallography [1, 2] . Figure 2 (c) is theVoronoi construction [1, 2] for a network image acquired from the same sample as shown in Fig. 1(c) [8] . The associated probability distribution of polygon sidedness is shown in Fig. 2(a) . There are a number of important parameters that may be measured directly from this histogram. First, the mean number of polygon sides hni for all nanocrystal networks we have studied is 5:98. This is extremely close to the value of 6 expected in the limit of an infinite network [1, 2] and indicates that our data are not statistically skewed through insufficient sampling. Cells with less than four or greater than nine sides are not observed and when nine-sided cells are present their number is very small ( 1%).
The polygon distribution shown in Fig. 2 (a) is both unimodal and has a very low second moment, 2 P pnn ÿ hni 2 . While low 2 values are generally associated with young systems that are far from statistical equilibrium, we note that even the prototypical quenched froth, the 2D Poisson Voronoi tesselation, has a significantly larger value of 2 (1.78 [9] ) than that observed for the nanocrystal network. That the networks shown in Fig. 1 are not derived from a Poisson distribution of points, and thus do not arise from nucleation or dewetting events that are spatially uncorrelated [10] , may also be quantifiably confirmed from a measure of their entropy, S ÿ P n P n lnP n . For all nanocrystal foams we have studied, S is 1:40 0:05, substantially smaller than the value of 1.71 expected for a purely random 2D set of points [9] . An analysis of Voronoi constructions taken from a number of regions neighboring that shown in Fig. 1(a) resulted in the histogram shown in Fig. 2(b) . The variance value in this case is substantially lower (0.73) than that observed for networks synthesized from higher concentration solutions ( 2 1).
There are a number of topological correlations associated with cellular systems. Foremost among these is the Aboav-Weaire law [1, 2] which posits that the product of a cell's sidedness, n, and its neighbors' average sidedness, m, is linear in n:
where 2 is again the variance and a is a network parameter. In Fig. 3 (a) the linear dependence of mn on 1=n is clear [11] , with the slope and intercept giving consistent values for 2 and a for each nanocrystal network. The value of m6 is independent of a [7] and is given by the Weaire relationship, m6 hni 2 =6. The mn vs 1=n data for each network superimposethe value of a, 1:0 0:1, is essentially coverage independent. Significantly, in networks which evolve via cell division or cell disappearance [11] [12] [13] , a is approximately unity. The observation that each plot in Fig. 3(a) conforms to the Aboav-Weaire law with a 1 suggests that topological transformations similar to those occurring in biological and polycrystal systems may underlie the evolution of nanocrystal networks. However, we reiterate that the low variance value is indicative of a system far from statistical equilibrium.
Originally empirically derived from a study of biological cells [14] , Lewis's law-which states that the average area of an n-sided cell increases linearly with n-was subsequently shown to represent an equation of state of an ideal cellular network [2, 15] . This is an exceptionally powerful deduction, as perfect agreement with Lewis's law then implies that a cellular network's structure is determined solely by the mathematics of space filling. Deviations from Lewis's law [1, 11, 13] indicate that physical forces in addition to topological constraints must be considered. We find that (within fairly large error bars due to the ''natural spread'' in polygon areas) a quadratic rather than linear relationship provides a better fit to the polygon average area data [ Fig. 3(b) ]. Although 
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the error bars unfortunately prevent definitive conclusions regarding Lewis's law to be reached, we note that, given the far from (statistical) equilibrium state of the nanocrystal cellular system, deviations from the Lewis relation are not unexpected [2] . This contrasts strongly with the statistical crystallography of systems such as biological cells [1, 14] and Benard-Marangoni convection patterns [16] . That nanocrystal cellular networks may be structurally distinct from Benard-Marangoni convection patterns has an interesting bearing on our results. The Marangoni effect has recently been proposed as the basis for the formation of nanoparticle networks [3, 4] . Marangoni convection alone cannot account for the wide variety of nanocrystal foams we observe for the following reasons. First, the Marangoni effect is associated with a welldefined instability wavelength , given by 2d
, where d is the fluid layer thickness and M a is the Marangoni number [17] . The coexistence of cellular networks with radically different intercellular spacings, as seen in Figs. 1(a) and 1(b) , is incompatible with both networks having arisen from Marangoni convection. To clarify, while we concur with other studies [3, 4] that the Marangoni effect is the most plausible mechanism underlying the formation of the major network observed in Fig. 1(a) , it completely fails to account for the coexistence of the minor (shorter wavelength) network observed most clearly in Fig. 1(b) . Second, Stowell and Korgel [4] have carried out a careful study of the dependence of the Marangoni number on nanocrystal concentration. They find that M a scales inversely with nanocrystal concentration. Thus, the instability wavelength (i.e., intercellular spacing) should lengthen as the nanocrystal concentration is increased. Precisely the opposite is observed in Fig. 1 .
The foams discussed thus far result from spin-coating of nanocrystals from toluene. Spin-coating of a solution of nanocrystals in hexane does not produce cellular networks. Following Maillard et al. [3] , it is possible to show that the Marangoni number for hexane is significantly larger than that for toluene [due primarily to vapor pressure differences: P vp hexane 4P vp toluene at 300 K]. Thus, the probability of establishing a supercritical Marangoni number is much greater for hexane. Despite this, cellular networks do not form. Instead, for condensation from hexane structures ranging from isolated ''droplets'' to labyrinthine patterns [ Figs. 4(a) and 4(b) ] are observed. These patterns bear a striking qualitative similarity to those produced via spinodal phase separation [18] .
A particular signature of the early stages of a spinodal process is the presence of spatially correlated aggregates [18, 19] . Thiele et al. [20] have used pair correlation functions to identify spatially correlated centers arising from spinodal dewetting. An alternative approach is to construct a Voronoi tessellation based on the mass centers of the aggregates and calculate its entropy. A Voronoi tessellation (not shown) for Fig. 4 
significantly lower than that expected for a Poisson distribution of points [but remarkably similar to the value obtained for Fig. 1(c) ]. Hence, it appears that, for condensation from both hexane and toluene, nanocrystal overlayers comprise strongly spatially correlated aggregates. The presence of a preferred wavelength will tend to drive the system away from statistical equilibrium, narrowing the polygon side distribution and thus explaining the low values of 2 we observe.
Having rejected Marangoni convection as the formation mechanism for the shorter wavelength networks seen in Figs. 1(b) and 1(c) , yet requiring that a preferred length scale is accentuated during overlayer assembly, a spinodal process [19] is the most plausible alternative. We first consider spinodal dewetting. Using Lifshitz theory [21] we have calculated the Hamaker constants for C 5 -thiol capped Au nanoclusters of 2 nm diameter interactingvia a solvent medium-with a SiO 2 or a Si substrate. Although the interparticle interaction energies in the solvent (15 meV) are comparable to those for the nanoparticle-solvent-SiO 2 systems, initially suggesting that dewetting processes may play a role, we stress three points. First, as the substrate used in our studies is a native oxide-covered Si sample, the true interaction energy will lie somewhere between the nanoparticle-Si value (which we estimate as ÿ200 meV) and that for SiO 2 and will, thus, always be <0. Second, similar nanocrystal arrangements form on silicon substrates whose native-oxide layer had been removed via HF etching. In that case, there is unambiguous complete wetting and there is no contribution to the effective Hamaker constant which could engender a spinodal dewetting process [22] . Finally, the AFM images lack the height modulations expected for spinodal dewetting: each overlayer is a single nanocrystal thick.
Although the nanoparticle arrangements we observe therefore most likely arise via spinodal decomposition, there is a key difference with the spinodal mechanism postulated by Ge and Brus [19] . This is illustrated in Fig. 4(c) , an image taken under a toluene-nanocrystal solution where it is clear that nanocrystal islands have nucleated. Figure 4 (c) (and work by Lin et al. [23] ) illustrates that for Au nanocrystals both spinodal and conventional nucleation pathways may contribute in establishing an overlayer morphology. Furthermore, Tanaka [18] has carried out a detailed theoretical study of viscoelastic phase separation in binary systems. Particularly in the latter stages of solvent evaporation where the effective viscosity of the nanocrystal fluid will dramatically increase, we postulate that viscoelastic phase separation provides an alternative explanation to that put forward in Ref. [19] for the observation of nanocrystal spinodal patterns.
In summary, we have shown that Au nanocrystals form cellular networks on silicon surfaces and that Marangoni convection alone cannot explain the various foams and patterns we observe. Nanocrystal foams are far from statistical equilibrium due to the imposition of a specific intercellular wavelength that dominates network evolution.
